9-Cis-epoxycarotenoid dioxygenase (NCED) is an important enzyme which catalyzes the oxidative cleavage of abscisic acid (ABA), a plant growth regulator which plays a vital role in stress tolerance. In this study, a cDNA sequence encoding NCED from a mangrove plant (Acanthus ebracteatus) was analyzed and overexpressed in rice. Analysis of the deduced amino acid sequence of AeNCED revealed an open reading frame of 1,638 bp encoding a protein of 545 amino acids, with a 123 bp 5'-untranslated region (UTR) and a 259 bp 3'-UTR. The deduced amino acid sequence of AeNCED is more than 80% identical to the amino acid sequences of carotenoid cleavage dioxygenase from carrot, tomato, and coffee. The RNA encoding AeNCED was detected in transgenic rice (Oryza sativa cv. BRRI dhan29) plants overexpressing this cDNA. These plants only showed significantly higher tolerance to salinity at germination and better performance at seedling stages. The levels of ABA in transgenic rice seedlings overexpressing AeNCED treated with 100 mM NaCl for 24 hours were higher than those of untransformed plants. However, a higher level of dihydrophaseic acid (DPA) and ABA glucose ester (ABA-GE) were also observed in these transgenic plants suggesting that rapid degradation of ABA through a self-regulation mechanism.
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Parameswari Namasivayam ( ) E-mail: parameswari@biotech.upm.edu.my Tel: +60389468344 / Fax:+60389467510 catabolism of ABA and (ii) inactivation of ABA. ABA catabolism is the major route of ABA degradation. ABA8' hydroxylase (ABA8'OH) degrades active ABA into 8'hydroxy-ABA. This reaction is catalyzed by a cytochrome P450 8'-hydroxylase (CYP707) (Kushiro et al. 2004; Nambara and Marion-Poll 2005) . The enzyme that converts ABA to PA, ABA 8-hydroxylase, is up-regulated by ABA (Cutler and Krochko 1999) . Another way of inactivating ABA is the conjugation with glucose to form ABA glucose ester (ABA-GE) which is catalyzed by an ABA glucosyltransferase (Xu et al. 2002) . This reaction is reversible, and the hydrolization of ABA-GE is catalyzed by b-glucosidase (Lee et al. 2006) . The growth regulator, ABA serves as an endogenous messenger in biotic and abiotic stress responses of plants (Galvez-Valdivieso et al. 2009; Hirayama and Shinozaki 2007) . ABA is not only a stress signal but is also required for growth and development under non-stress conditions. Regulation of ABA signalling implicates the control of physiologically active ABA. The physiological processes controlled under these conditions include the regulation of growth, stomatal aperture, and hydraulic conductivity as well as seed dormancy (Finkelstein et al. 2002; Parent et al. 2009 ). The expression analysis of NCED genes suggested the involvement of NCED proteins in the response of vegetative tissues to water stress (Rodrigo et al. 2006) . Transgenic tobacco plants (Nicotiana plumbaginifolia) overexpressing NCED which accumulated high amounts of ABA were more resistant to drought stress (Qin and Zeevaart 2002) . Enhanced water stress resistance due to production of higher ABA was observed in the transgenic Arabidopsis plants overexpressing AtNCED3 (Iuchi et al. 2001 ). This transgenic Arabidopsis plants overexpressing AtNCED3 showed a reduction in transpiration rate from leaves and an improvement in drought tolerance (Iuchi et al. 2001) . Moreover, the overexpression of this gene was shown to confer tolerance to salt and drought in tobacco (Zhang et al. 2008) , creeping bent grass (Aswath et al. 2005) , and Arabidopsis (Iuchi et al. 2001) .
In this study, we have sequenced and analyzed a cDNA encoding putative NCED (AeNCED) from a mangrove plant Acanthus ebracteatus (Nguyan et al. 2006 ). This cDNA was ectopically expressed in rice to examine its role in salinity tolerance.
Materials and Methods

Sequencing and analysis of the full length cDNA sequence of AeNCED
The cDNA encoding a putative NCED from Acanthus ebracteatus (AeNCED) was identified among the expressed sequence tags (ESTs, GenBank accession no: JN 703412) of a mangrove plant Acanthus ebracteatus (Nguyan et al. 2006) . Multiple sequence alignment of the amino acid sequences of AeNCED and similar sequences from the other plant species was performed by using ClustalW (Thompson et al. 1994) in Bioedit version 7.0.1 (Hall 1999) . The prediction of transmembrane topology was performed using the Localizome program (Lee et al. 2006) . Biology Workbench Version 3.2 (http://biowb.sdsc.edu/DGO/BW.cgi) was used to estimate the molecular mass and pI of AeNCED. The phylogenetic tree was constructed using the MEGA version 4 (Tamura et al. 2007) , the amino acid sequence of AeNCED and similar sequences from the other plant species.
Construction of plant expression vector
The open reading frame (ORF) of AeNCED was amplified using NC-F, 5'-GGGGACAAGTTTGTACAAAAAAGCAG GCTGTATGGTCCAGAAAGGAGAG -3'; NC-R, 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATG-GTAGCTGTGCTTG -3' primers and introduced into pDONR/Zeo (Invitrogen, USA) to produce an entry clone, pENTER/Zeo-AeNCED. The cDNA in pDONR/ZeoAeNCED was transferred into pMDC32 (Curtis and Grossniklaus 2003) to form pEXP32-AeNCED (Fig. 4A) . The expression vector pEXP32-AeNCED driven by a double Cauliflower Mosaic Virus (CAMV) 35S promoter was transferred into Agrobacterium tumefaciens strain LBA4404 (CLONTECH, Palo Alto, CA) using a freeze-thaw method (Weigel and Glazebrook 2002) .
Transformation and regeneration of rice plants
The matured seeds (Oryza sativa L.) of indica variety BRRI dhan29 (Bangladesh Rice Research Institute (BRRI), Bangladesh) were transformed with pEXP32-AeNCED according to Shahanaz et al. (2012) . The regenerated plantlets were acclimatized in small pots for 2 weeks and then transferred to big earthen pots. The individual tillers of each plant were covered with paper bags before the onset of flowering to avoid cross-pollination. The seeds from the selfpollinated plants were collected and grown for further analysis.
PCR screening of putative transformants
Total genomic DNA was extracted from the young leaves of putative transgenic rice and untransformed plants using the method as described by Edwards et al. (1991) . The genomic DNA of putative transformed plants was screened by PCR using NC-F and NC-R primers. The PCR mixture contained 100 ng template DNA, 2U Platinum® Taq DNA Polymerase (Invitrogen, USA), 5 mM magnesium sulphate, 1x high fidelity buffer (Invitrogen, USA), 0.5 mM dNTPs (Promega, USA) and 0.5 µM forward-and reverse-primer, respectively, in a final volume of 20 µL. PCR was performed under the following conditions: denaturation at 94°C for 30 s, annealing at 57°C for 1 min, and extension at 72°C for 2 min for 35 cycles.
Detection of transgene by Southern blot
Total genomic DNA (15 µg) of transgenic rice plants was digested with EcoRV and HindIII enzymes (New England Biolabs, UK) and resolved on 0.8% (w/v) agarose gel and subsequently transferred to a nylon membrane (Amersham Biosciences, USA). The PCR product of the ORF of AeNCED was labelled with biotin using the NEBlot® Phototope® Kit (New England Biolabs, UK) and hybridized overnight with the membrane at 57°C. The membrane was washed twice using 2xSSC, 0.1 % (w/v) SDS for 10 min at 57°C followed by washing in 0.5xSSC, 0.1% (w/v) SDS for 15 min. The membrane was equlibrated with washing buffer (0.5% (w/v) SDS, 12.5 mM NaCl, and 2.5 mM sodium phosphate, pH 7.2) followed by blocking solution (5% (w/v) SDS, 125 mM NaCl, and 25 mM sodium phosphate, pH 7.2) for 5 min. Streptavidin-alkaline phosphatase conjugate (1 : 10,000) was added to the blocking solution and incubated for 10 min at room temperature. The membrane was then washed in washing buffer twice (5 min and 1 h, respectively). The membrane was equilibrated in detection buffer (10 mM TrisHCl, 10 mM NaCl, and 1 mM MgCl2, pH 9.5) for 5 min with shaking and transferred into a transparent plastic bag in which 125 mM CDP-star (Roche, Germany) was applied on the surface of the blot before overnight exposure to a X-ray film in a cassette.
Detection of transcripts by real time RT-PCR
Total RNA was isolated from rice leaves using the easy-BLUE™ Total RNA Extraction Kit (iNtRON Biotechnology, Inc, Korea). The first-strand cDNA was synthesized using the QuantiTect® Reverse Transcription Kit (Qiagen, USA) following the manufacturer's instructions. Real time RT-PCR was performed using the IQ™5 real-time PCR system (BioRad, USA) with Brilliant SYBR® Green® QPCR Master Mix (Stratagene, USA). All oligonucleotide primers were designed using the Primer 3 ver4 Software (http://frodo.wi.mit.edu/) from the ORF region of the sequence. Rice ubiquitin 5 (UBQ5) (GenBank No. AK061988) which was shown to be stably expressed across all the tissues of rice (Jain et al. 2006 ) was used as a reference. The primer sequences for AeNCED were 5'-TCAAAGGATGGTGTGATGGA-3' and 5'-ATCTCC-CTCTTCCCAAGCAT-3', whereas the primer sequences for ubiquitin were 5'-GCACAAGCACAAGAAGGTGA-3' and 5'-CCAAAGAACAGGAGCCTACG-3'. The PCR amplification condition was 95ºC for 10 min; 40 cycles at 95ºC for 30 s, 60ºC for 1 min, and a final extension at 72ºC for 1 min. The PCR reactions on each sample were performed in four replicates and no template control (NTC) was also included. The quantification of relative transcript was performed using comparative Ct method (Livak and Schmittgen 2001) .
Examining the salt tolerance of transgenic plants overexpressing AeNCED
The salt tolerance of transgenic rice plants were examined according to Gregorio et al. (1997) . The seeds from untransformed (UT) plants and the T2 generation of transgenic rice (NB8-2 and NB8-6) were germinated in 100 mM NaCl and 150 mM NaCl containing 50 µg mL -1 hygromycin B. The root and shoot length of individual plants were measured at 10 days post germination. Data on shoot and root length were analyzed using SAS package (Version 8.0, SAS Institute Inc., Cary, NC, USA) for analysis of variances (ANOVA) and mean comparison. The mean differences were compared using Least Significant Difference (LSD). To examine the salt tolerance at the seedling stage, 10-day-old seedlings were transferred into Yoshida's nutrient solution (Yoshida et al. 1976 ) containing 100 mM and 150 mM NaCl in a hydroponic system separately. The growth of root and shoot was monitored for 15 days. The seedlings grown in the Yoshida's nutrient solution without NaCl were used as experimental controls. To examine the salt tolerance at the reproductive stage, 45-day-old plants were irrigated continuously with 100 mM NaCl for 30 days.
Determination of ABA and its derivatives PA, DPA and ABA-GE
Twelve-day-old seedlings of pEXP32-AeNCED transformants (T2 generation) were treated with 100 mM NaCl for 24 h. The leaf tissues (10 -90 mg) were homogenized and extracted for 1 h in 1 mL ice-cold methanol/water/acetic acid (10/89/1, v/v) containing sodium diethyldithiocarbamate (400 µmol g g -1 DW) as an antioxidant. Internal standard mixtures, containing 50 pmol of each of (-)-7´,7´,7´-2H3-phaseic acid, (-)-7´,7´,7´-2H3-dihydrophaseic acid, (+)-4,5,8´,8´,8´-2H5-ABA-GE, and (+)-3´,5´,5´,7´,7´,7´-2H6-ABA were added to the samples. The homogenates were cen- trifuged 20,000 x g, 10 min, 4°C after 1 h extraction, the supernatants were transferred to a fresh glass tube and dried under vacuum. Extracts were dissolved in 100 µ L 99% methanol: 1% acetic acid (v/v) topped up to 1 ml with 99% water: 1% acetic acid (v/v), purified by solid-phase extraction on a Oasis® HLB cartridges (60 mg, 3 mL, Waters, Milford, MA, USA) and evaporated to dryness in a Speed- 
Results
Sequence analysis of AeNCED transcript
Sequence analysis of the cDNA of AeNCED revealed an ORF of 1,638 bp encoding a protein of 545 amino acids with 123 bp at the 5'-UTR and 259 bp at the 3'-UTR (Fig. 1) . The deduced protein was predicted to have a molecular mass of 61.5 KDa and an isoelectric point (pI) of 5.9. Three potential functional motif sites: epidermal growth factor-EGF_1 (EGF-like domain signature 1), anaphylatoxin domain signature (ANAPHYLATOXIN_1), and 2Fe-2S ferredoxins, ironsulfur binding region signature (2FE2S_FER_1) were predicted in the ORF of AeNCED sequence by PROSITE (Fig.  1) . AeNCED was also predicted to be a member of the REP65 super family by a search against the Conserved domain database (CDD, National Center for Biotechnology Information). AeNCED was predicted to be a cytoplasmic protein by the Localizome program.
The deduced amino acid sequence of AeNCED is more than 80% identical to the amino acid sequences of putative carotenoid cleavage dioxygenase from carrot (Genbank accession number ABB52081.1), Vitis vinifera (GenBank accession number AAX48772.1), Lycopersicon esculentum (GenBank accession number AAT68187.1), and Coffea arabica (GenBank accession number ABA43904.1) (Fig. 2) . A phylogenetic tree was plotted to estimate the relationship between AeNCED sequence and other carotenoid cleavage dioxygenase sequences originated from other plant species (Fig. 3) . AeNCED clustered with the carotenoid cleavage dioxygenase sequences from Cucumis melo (ABB82946) and Lycopersicon esculentum (AAT68187.1).
Regeneration and confirmation of transgenic rice overexpressing AeNCED
Regeneration was obtained in a media containing 50 mM sucrose after transferring the shoot primordia from a media containing 88 mM sucrose that inhibited the regeneration of transgenic calli overexpressing AeNCED. PCR screening showed that four out of the six transgenic plants transformed with pEXP32-AeNCED at T0 generation contained the AeNCED sequence (Fig. 4B) . However, only transgenic rice NB8 was confirmed to have the AeNCED insertion by Southern blot (Fig. 4C) . The subsequent analyses were only performed on this transgenic line which has been confirmed by both PCR and Southern blot. The abundance of AeNCED transcript were detected only in transgenic line NB8 using real-time PCR but not in the untransformed plants (Fig. 4C ).
Salinity tolerance of transgenic rice overexpressing AeNCED
At 10 days post germination, significantly higher shoot and root length was observed in transgenic line NB8-6 treated with 100 mM NaCl (Fig. 5A ). No significant difference was observed between shoot growth of NB8-6 treated with 100 and untreated untransformed plants. Both transgenic lines NB8-6 and NB8-2 showed significantly higher shoot growth under 150 mM NaCl (Fig.5C ). The transgenic seedlings that were transferred into the Yoshida's nutrient solution containing 100 mM NaCl grew well for the first 10 days, and subsequently started to wilt, while untransformed rice seedlings survived less than 8 days. In 150 mM NaCl, the transformed seedlings survived up to 8 days which was 3 days more than the untransformed seedlings. The salt tolerance of transgenic rice plants overexpressing AeNCED at reproductive stage was monitored at 100 mM NaCl for 30 days. However, all transgenic and untransformed plants were severely affected by NaCl and died within 30 days.
Levels of ABA and metabolites in transgenic rice seedlings overexpressing AcNCED
The accumulation of ABA, PA, DPA, and ABA-GE was determined in the 12-day-old transgenic rice seedlings overexpressing AeNCED after treatment with 100 mM NaCl for 24 hours (Fig. 6 ). Increased levels of ABA, PA, DPA and ABA-GE were observed in treated compared to untreated untransformed plants. The levels of ABA in transgenic rice overexpressing AeNCED treated with 100 mM NaCl for 24 h were higher than those of NaCl-treated untransformed plants. Higher levels of DPA and ABA-GE were also observed in transgenic lines NB8-2 and NB8-6 (Fig. 6 ) than untransformed plants.
Discussion
Sequence analysis
In this study, a cDNA encoding NCED from a mangrove plant has been completely sequenced and analyzed. The predicted AeNCED showed more than 80% identity to other carotenoid cleavage dioxygenases from plants. Phylogenetic analysis showed that AeNCED was highly conserved among plant species. Among the three potential functional motif sites, the EGF-like domain in growth factor-related proteins is essential for growth and development (Appella et al. 1988) while anaphylatoxin molecules are bioactive proteins which act as specific cellular receptors for biological actions of the natural factors (Hugli 1984) . In the biological redox systems, ferredoxins act as electron transfer proteins that are ubiquitous and found as a domain in various metabolic enzymes (Harayama et al. 1991) . Ferredoxins are also present in many plants, photosynthetic organisms like algae and cyanobacteria. The REP65 protein family consists of retinal pigment epithelial membrane receptors that are abundant in the retinal The length is expressed as mean values ± SD of three replicates (n = 10). Different letters indicate significant differences (P < 0.05); phenotype photograph of the germinated seeds after 10 days of germination on 100 mM and 150 mM NaCl, respectively (E and F).
pigment epithelium, and bind to plasma retinal binding protein including sequences related to neoxanthin cleavage enzyme in plants and lignostilbene-alpha, beta-dioxygenase in bacteria.
Regeneration of transgenic rice overexpressing AeNCED
The rice calli transformed with a plant transformation vector overexpressing AeNCED had faced difficulty to regenerate into plantlets in a regeneration media containing 88 mM sucrose after producing shoot primordia. The rice calli transformed with AeNCED might produce a higher amount of ABA precursor that ultimately inhibited the regeneration of transgenic calli. However, the shoot primodia of putative transgenic rice were successfully regenerated into plantlets in a regeneration media with low sugar content (50 mM sucrose). A low sugar-containing medium might reduce the ABA production in rice calli overexpressing AeNCED through down regulation of the enzymes in the ABA biosynthetic pathway. Several enzymes involved in the biosynthetic pathway of ABA such as zeaxanthin epoxidase, alcohol dehydrogenase/reductase, aldehyde oxidase, and molybdenum cofactor synthase were reported to be induced by sugars to various extents (Cheng et al. 2002) .
Salinity tolerance of rice plants overexpressing AeNCED
Transgenic rice line NB8 overexpressing AeNCED showed a significantly higher tolerance to salinity at germination stage compared to the untransformed rice. At 100 mM and 150 mM NaCl, the transgenic seedlings survived 2 to 3 days more, than the untransformed seedlings. However, the transgenic rice plants (NB8) did not show a better tolerance at the reproductive stage. Tolerance at germination and seedling stages was contributed due to the higher amount of ABA during NaCl treatment. Since the elevated ABA content is beneficial for plant under stress conditions in spite of the inhibition effect on plant growth. Various stress signals and ABA share common elements in the signalling pathway to maintain cellular homeostasis (Shinozaki and Yamaguchi 2000; Thomashow 1999) . The difference in ABA homeostasis was due to both lower ABA biosynthesis and faster turnover of ABA (Oliver et al. 2007 ). Abiotic stresses ultimately results in desiccation of the cell and osmotic imbalance; there is an overlap in the expression pattern of stress genes under drought and saline conditions. In this experiment, the amount of ABA derivatives (DPA and ABA-GE) also showed higher levels in transgenic plants compared to that of untransformed plants after 24 h of NaCl treatment. This was supported by measuring the higher level of ABA in transgenic rice seedlings treated with NaCl for 24 h. With the lapse of time, this enhanced ABA biosynthesis was accompanied by the concomitant increase in ABA degradation that might be the reason of decreased plant response to salt stress after a shorter period of time. The balance between ABA biosynthesis and catabolism is considered to be an important factor for ABA concentration in regulating plant growth and development and response to environmental stress (Ye et al. 2012) . As ABA accumulates, it is catabolized to PA which can be reduced to DPA (Cutler and Krochko 1999) or conjugated to ABA-GE (Zeevaart 1999). The enzyme, ABA 8'-hydroxylase which converts ABA to PA, is up-regulated by ABA (Cutler and Krochko 1999) . This DPA and ABA-GE are inactive. The increased level of DPA and ABA-GE in transgenic rice indicates that the constitutive expression of AeNCED in the transgenic rice may have triggered ABA degradation. The transgenic rice overexpressing AeNCED showed better performance under salt for a shorter period of time at germination and seedling stages but not at the reproductive stage. The expression of mangrove AeNCED in the transgenic rice may play a more important role in stress response at germination and seedlings stages than the reproductive stage. The overexpression of NCED in different plant systems confers tolerance to abiotic stresses. Qin and Zeevaart (2002) revealed that the constitutive expression of PvNCED1 resulted in an increase in ABA and its catabolite, phaseic acid (PA) in transgenic tobacco plants indicating that the constitutive expression of PvNCED1 in the transgenic plants triggered ABA degradation. This result is consistent with our findings.
In the current study, we have demonstrated that the analysis of a cDNA encoding AeNCED from a mangrove plant A. ebracteatus. From these results, we concluded that manipulation of ABA levels in transgenic plants is possible by overexpressing the key regulatory enzyme, AeNCED. But there is a limitation to gene manipulation, especially with only one gene. Although transgenic rice overexpressing AeNCED showed better performance than untransformed plant at the seedling and germination stages for shorter periods of time but the plants might not show tolerance to salt stress due to quick degradation of ABA to PA, DPA and ABA-GE in transgenic plants at the reproductive stage for a longer period of time.
Molecular cloning and overexpression of a putative AeNCED 244 Fig. 6 . Effect of NaCl on the levels of ABA and its derivatives. A, ABA; B, PA; C, DPA, and D, ABA-GE in NaCl-treated transgenic and untransformed seedlings. The abundance of ABA, PA, DPA, and ABA-GE was measured in 12-day-old seedlings they were treated in 100 mM NaCl for 24 h. UT, untransformed plants. The data shows the mean ± SD of two replicates.
